The endometrial perivascular microenvironment is rich in mesenchymal stem-like cells that express type 1 integral membrane protein Sushi domain containing 2 (SUSD2) but the role of these cells in the decidual transformation of this tissue in pregnancy is unknown. We used an antibody directed against SUSD2 (W5C5) to isolate perivascular (W5C5 ϩ ) and nonperivascular (W5C5 Ϫ ) fibroblasts from mid-luteal biopsies. We show that SUSD2 expression, and hence the ratio of W5C5 ϩ :W5C5 T he hallmark of the human reproductive cycle, shared only with a handful of other mammalian species, is menstruation, which is triggered by cyclic decidualization of the endometrium in response to endocrine rather than embryonic cues (1, 2). Decidualization, a process characterized by the transformation of stromal fibroblast into specialized secretory decidual cells, is driven by the postovulatory increase in circulating progesterone levels and increasing local cAMP production (3-5). Typically, it commences with the transformation of stromal cells surrounding spiral arterioles during the midluteal phase of the cycle and then spreads to encompass the whole superficial endometrial layer as the cycle progresses. Increasing evidence suggests that cyclic decidualization emerged as
The endometrial perivascular microenvironment is rich in mesenchymal stem-like cells that express type 1 integral membrane protein Sushi domain containing 2 (SUSD2) but the role of these cells in the decidual transformation of this tissue in pregnancy is unknown. We used an antibody directed against SUSD2 (W5C5) to isolate perivascular (W5C5 ϩ ) and nonperivascular (W5C5 Ϫ ) fibroblasts from mid-luteal biopsies. We show that SUSD2 expression, and hence the ratio of W5C5 ϩ :W5C5 Ϫ cells, changes in culture depending on cell-cell contact and activation of the Notch signaling pathway. RNA sequencing revealed that cultures derived from W5C5 ϩ progenitor cells remain phenotypically distinct by the enrichment of novel and established endometrial perivascular signature genes. In an undifferentiated state, W5C5 ϩ -derived cells produced lower levels of various chemokines and inflammatory modulators when compared with their W5C5 Ϫ counterparts. This divergence in secretomes was switched and became more pronounced upon decidualization, which transformed perivascular W5C5 ϩ cells into the dominant source of a range of chemokines and cytokines, including leukemia inhibitory factor and chemokine (C-C motif) ligand 7. Our findings suggest that the decidual response is spatially organized at the embryo-maternal interface with differentiating perivascular cells establishing distinct cytokine and chemokine profiles that could potentially direct trophoblast toward maternal vessels and govern local immune responses in pregnancy. T he hallmark of the human reproductive cycle, shared only with a handful of other mammalian species, is menstruation, which is triggered by cyclic decidualization of the endometrium in response to endocrine rather than embryonic cues (1, 2) . Decidualization, a process characterized by the transformation of stromal fibroblast into specialized secretory decidual cells, is driven by the postovulatory increase in circulating progesterone levels and increasing local cAMP production (3) (4) (5) . Typically, it commences with the transformation of stromal cells surrounding spiral arterioles during the midluteal phase of the cycle and then spreads to encompass the whole superficial endometrial layer as the cycle progresses. Increasing evidence suggests that cyclic decidualization emerged as an evolutionary strategy to cope with highly invasive and often chromosomally abnormal embryos (6) . This conjecture is predicated on the observation that decidual cells selectively migrate toward high-quality human embryos and are capable of mounting a response that is tailored to individual embryos (6 -8) . In case of a developmentally competent embryo, decidual cells protect the conceptus against environmental stress signals (9, 10), confer maternal immunetolerance to the fetal allograft (11, 12) , provide a nutritive matrix for trophoblast expansion (13, 14) , and ensure tissue hemostasis during endovascular trophoblast invasion and spiral artery remodeling (15, 16) . By contrast, signals emanating from developmentally impaired human embryos trigger a proteotoxic stress response in decidual cells, thus enabling prompt maternal recognition and rejection (6) .
The decidual phenotype is inextricably linked to continuous progesterone signaling (17) (18) (19) (20) . Consequently, in the absence of a viable pregnancy, decreasing progesterone levels trigger a cascade of events that ultimately leads to proteolytic breakdown of the superficial endometrium and menstrual shedding. In the first few years after the menarche, 90% of all menstrual cycles are anovulatory, de facto ensuring that menstruation precedes pregnancy. This observation led to the suggestions that repeated cycles of tissue regeneration protects the uterus against tissue damage associated with deep hemorrhagic trophoblast invasion (21) . Perhaps surprising, only over the last decade has the focus gradually turned on the role of endometrial progenitor/stem cells in effecting endometrial regeneration (22, 23) . It is now established that the endometrium is rich in mesenchymal stem-like cells (MSCs) that are clonogenic, multipotent, immunoprivileged, and capable of reconstituting endometrium when xenotransplanted into mice (24 -28) . Several approaches have been employed to isolate endometrial stromal populations enriched in MSCs, including flow-activated cell sorting of side population cells that possess a low Hoechst 33342 fluorescence profile and of cells that coexpress cluster of differentiation 140b (CD140b, platelet-derived growth factor receptor ␤) and CD146 (also known as melanoma cell adhesion molecule, [MCAM]) (29, 30) . Recent studies reported that the monoclonal antibody W5C5 selectively binds a stromal cell population enriched in MSCs in both bone marrow and endometrium (31, 32) . Subsequently, the type 1 integral membrane protein Sushi domain containing 2 (SUSD2) was identified as the cognate antigen for W5C5 (33 (range, 0 -1.2) (32). Analysis of midluteal biopsies confirmed the marked enrichment of colony-forming cells in the W5C5 ϩ cell fraction (34) .
In this study, we demonstrate that SUSD2 is a downstream target of the Notch-signaling pathway, which in turn accounts for density-dependent homeostatic balancing of W5C5 ϩ and W5C5 Ϫ cells in culture irrespective of the parental stromal cell population. However, we also show that W5C5 ϩ -derived cells retain phenotypic features of perivascular niche cells when propagated in culture and mount a decidual response that is highly divergent from the bulk of endometrial stromal cells.
Materials and Methods

Human endometrial tissue collection
The study was approved by the National Health Service National Research Ethics-Hammersmith and Queen Charlotte's & Chelsea Research Ethics Committee (1997/5065). Subjects were recruited from the Implantation Clinic, a dedicated research clinic at University Hospitals Coventry and Warwickshire National Health Service Trust. Written informed consent was obtained from all participants in accordance with the guidelines in The Declaration of Helsinki 2000. Samples were obtained using a Wallach Endocell sampler (Wallach) under ultrasound guidance, starting from the uterine fundus and moving downward to the internal cervical ostium. A total of 43 subjects took part in this study. Endometrial biopsies were timed between 6 -10 days after the preovulatory LH surge. All biopsies were obtained in ovulatory cycles and none of the subjects were on hormonal treatments for at least 3 months prior to the procedure. The average age (Ϯ SEM) of the participants was 35.2 Ϯ 0.7 years.
Isolation of W5C5
؉ and W5C5 ؊ cells and primary
cell culture
Single-cell suspensions of human endometrial stromal cells (HESCs) were isolated from midluteal biopsies as previously described (32, 34) , albeit with several modifications. Briefly, samples were washed in DMEM/F-12 medium (Invitrogen), finely minced, and enzymatically digested with collagenase (0.5 mg/ml; SigmaAldrich) and deoxyribonuclease (DNase) type I (0.1 mg/ ml; Roche) for 1 hour at 37°C. The dissociated cells were filtered through a 40-m cell strainer (Fisher Scientific). Stromal cells and blood cells, present as a single-cell suspension, passed through the cell strainer, whereas the undigested fragments, mostly comprising glandular clumps, were retained on the strainer. Stromal single-cell suspensions were layered over FicollPaque PLUS (GE Healthcare) and centrifuged to remove erythrocytes. The medium/Ficoll-Paque PLUS interface, containing stromal cells, was carefully aspirated, washed with DMEM/F-12 medium, and then subjected to magnetic bead separation to isolate W5C5 ϩ and W5C5 Ϫ cells as described previously (32, 34 ϩ and W5C5 Ϫ cell cultures were incubated in phenol red-free DMEM/F12 containing 2% dextran-coated charcoal-treated fetal bovine serum, 1% antibiotic-antimycotic solution, 0.5mM 8-bromoadenosine cAMP (8-bromo-cAMP; SigmaAldrich) and 1M medroxyprogesterone acetate (MPA; SigmaAldrich). The medium was changed every 48 hours. For cell cycle experiments, unsorted HESCs were seeded in six-well plates, maintained in growth medium overnight, and then incubated in serumfree medium for 24 hours to synchronize the cells. Trypan blue exclusion test showed negligent decline in cell viability (average 2.4%) upon serum deprivation. After 24 hours, cells were reincubated in growth medium and re-entered the cell cycle. Total RNA was collected at different time points. To examine the involvement of Notch signaling, primary HESCs were seeded at the density of 20 000 cells/cm 2 and then maintained in growth medium supplemented with or without the ␥ secretase inhibitor DAPT (10M; SigmaAldrich). The cultures were expanded for 4 days and then either collected for total RNA or subjected to magnetic-activated cell sorting (MACS) as described above. The cumulative loss of HESC viability over the treatment period in response to exposure to DAPT was 7.4%.
Immunocytochemistry
Immunocytochemistry was performed using W5C5 ϩ -and W5C5 Ϫ -derived cell cultures. Cells were fixed with 4% paraformaldehyde (SigmaAldrich) for 30 minutes and blocked with 3% BSA/5% normal goat serum in PBS for 30 minutes. Cells were then incubated with an antihuman SUSD2 antibody (1:400; SigmaAldrich) for 1 hour at room temperature. The secondary antibody used was Alexa Fluor 488 (1:200; Invitrogen). Slides were mounted with VECTASHIELD and stained with 4Ј,6-diamidino-2-phenylindole (DAPI) to visualize nuclei. Images were captured using a Zeiss Laser Scanning Microscope LSM 510.
RNA-sequencing and data analysis
Total RNA from passage 2 cultures was extracted using RNA STAT-60 (AMS Biotechnology) following the manufacturer's protocol, including DNase treatment (Invitrogen). RNA quality was analyzed on an Agilent 2100 Bioanalyser (Agilent Technologies) and assessed with the Eukaryotic Total RNA Nano program according to the manufacturer's instructions. RNA integrity number score for all samples was at least 9. Transcriptomic alignments were identified using bowtie-0.12.8 (35) , samtools-0.1.18, and tophat-2.0.4 (36) against the University of California Santa Cruz hg19 reference transcriptome from the Illumina iGenomes resource. Gene counts were estimated using HTSeq-0.5.3p3 (http://www-huber.embl.de/users/anders/HTSeq/). Transcripts per million were calculated as recently described (37) . Count data from the TopHat-HTSeq pipeline were analyzed using three different methods for differential expression detection, ie, DESeq, baySeq, and edgeR (38 -40) . Gene transcript abundances between W5C5 ϩ and W5C5 Ϫ were considered significantly different if the false discovery rate value (baySeq and edgeR) or adjusted P value (DESeq) was Ͻ .01. Differentially expressed genes were retained if they were detected by at least two of the methods used. Sequence data have been submitted to GEO (GSE57182).
qRT-PCR
Total RNA was extracted from freshly isolated or cultured W5C5 ϩ cells and W5C5 Ϫ cells using RNA STAT-60. Equal amounts of total RNA were treated with DNase and reverse transcribed by using the QuantiTect Reverse Transcription Kit (QIAGEN) and the resulting cDNA was used as template in qRT-PCR analysis. Template quantification was performed with Power SYBR Green PCR Master Mix and the 7500 real-time PCR System (Applied Biosystems). The expression levels of the samples were expressed as arbitrary units defined by the ⌬⌬CT method. The variances of input cDNA were normalized against the levels of the L19 housekeeping gene. All measurements were performed in triplicate. Melting curve analysis and agarose gel electrophoresis confirmed amplification specificity. The genespecific primer pairs were designed using Primer3 software. The primer sequences are listed in Supplemental Material 1.
Western blot analysis
Whole cell protein extracts were prepared by lysing cells in Radioimmunoprecipitation assay buffer (Merck Millipore) containing protease inhibitors (Complete Mini, Roche). Protein yield was quantified using the Bio-Rad protein assay (Bio-Rad, Hemel Hempstead). Equal amounts of proteins were separated by SDS-PAGE and transferred to polyvinylidene fluoride membrane (GE Healthcare). Nonspecific binding sites were blocked by overnight incubation with 5% nonfat dry milk in tris-buffered saline with 0.1% Tween-20. The membranes were then probed with antibodies raised against SUSD2 (PE antihuman W5C5 [SUSD2] antibody, BioLegend, diluted 1:500); and ␤-actin (SigmaAldrich, diluted 1:100 000). After incubation with horseradish peroxidase-conjugated secondary antibodies, protein complexes were visualized with the Enhanced Chemiluminescence Plus Western-Blotting Detection Reagents (GE Healthcare).
Secretome analysis
For these experiments, 2 ϫ 10 5 W5C5 Ϫ -or W5C5 ϩ -derived cells were plated per well in six-well plates and decidualized when confluent. Undiluted conditioned medium from undifferentiated and differentiated W5C5 ϩ and W5C5 Ϫ selected cultures was assayed for 48 cytokines, chemokines, and growth factors, listed in Supplemental Material 2, using a multiplex suspension bead immunoassay (Bio-Rad) according to manufacturer's instructions. Data analysis of experimental data was carried out using five-parameter logistic regression modeling on the BioPlex system. Soluble ST2 (sST2) levels were determined using an amplified two-step sandwich-type immunoassay (DuoSet; R&D Systems) according to the manufacturer's protocol. Results were derived using the standard curve method.
Statistical analysis
All statistical analyses were performed using GraphPad Prism 6 (GraphPad Software) and EZR software (Easy R). Data were checked for normal distribution using histograms and the Shapiro-Wilk test. Unpaired t test, paired t test, or Wilcoxon signedrank test was performed to determine statistical significance between groups. When comparing three or more groups, the data were analyzed using ANOVA test followed by the t test with Bonferroni adjustment. P Ͻ .05 was considered significant.
Results
Isolation and culturing of W5C5
؉ and W5C5
؊
HESCs
To characterize the constituent fibroblast populations of the endometrial stromal compartment, single-cell suspensions were prepared from midluteal biopsies and separated into W5C5
ϩ and W5C5 Ϫ cell fractions by magnetic-activated cell sorting (MACS). qRT-PCR and Western blot analysis confirmed that freshly isolated W5C5 ϩ cells are highly enriched in SUSD2 mRNA (9-fold) and protein expression when compared to W5C5 Ϫ cells ( Figure 1A ). However, this difference in SUSD2 expression was not maintained when W5C5 ϩ and W5C5 Ϫ cells were expanded in culture ( Figure 1B ). To Figure 1D ). In agreement, SUSD2 immunostaining was indistinguishable between cultures established from W5C5 ϩ or W5C5 Ϫ stromal cell fractions ( Figure 1E ).
Taken together, these data point toward homeostatic balancing of W5C5/SUSD2-positive and -negative cell populations, at least under in vitro cultures. Furthermore, while W5C5/SUSD2-positive cells make up between 4.2-6.8% of freshly isolated HESCs (32, 34) , their abundance increases markedly in culture, irrespective of the level of SUSD2 expression in progenitor cells.
SUSD2 expression is regulated by Notch signaling
We hypothesized that SUSD2 expression in HESCs could be cell-cycle dependent, thus accounting for homeostatic balancing of W5C5/SUSD2-positive and -negative cell populations in culture. To test this hypothesis, we synchronized HESCs in G1 by serum starvation and monitored the transcript levels of SUSD2 and various cell cycle markers upon refeeding with growth medium. As expected, resumption of the cell cycle resulted in sequential up-regulation of CCND1 (G1/S phase), MYBL2 (S phase), and CCNB1 (G2/M phase) expression. By contrast, SUSD2 mRNA levels remained constant throughout, indicating that expression is not cell-cycle dependent ( Figure  2A ). Next we investigated whether SUSD2 expression is dependent on cell-cell signaling. Primary HESCs were seeded at low (group A, 400 cells/cm 2 Figure 2C ). Figure 1) . Next, we examined the affect of Notch inhibition on expression of SUSD2 and the abundance of W5C5 ϩ cells. Primary
HESCs were grown to confluence over 4 days in the presence or absence of the ␥-secretase inhibitor DAPT. As shown in Figure 2D , abrogating Notch signaling in unselected HESCs down-regulated the expression of HEY2 and HEYL transcripts while modestly up-regulating MKI67 mRNA expression ( Figure 2E ). Importantly, Notch inhibition down-regulated SUSD2 mRNA expression by 53% and, concomitantly, reduced the abundance of W5C5 ϩ cells by 64%. Taken together, these data show that SUSD2 is a downstream target gene in the Notch pathway in HESCs ( Figure 2F ). Figure 3A ; Supplemental Tables 1 and 2 ). To assess further the relatedness of the cultures, we calculated z scores of the transcripts-per-million values for the differentially expressed genes. A heat map of this association is depicted in Figure 3B . To test whether cultured W5C5 ϩ cells retain any in vivo phenotypic markers, we examined the endometrial tissue distribution of all differentially expressed genes using The Human Protein Atlas (http://www.proteinatlas.org/). We successfully annotated 115 of 134 genes and identified 12 that shared the same restricted tissue distribution as SUSD2, characterized by prominent immunostaining around endometrial arterioles (Supplemental Figure 2) . Notable endometrial perivascular markers enriched in cultures originating from W5C5 ϩ cells included NOTCH3, MCAM (CD146), AOC3 (vascular adhesion protein-1, also known as semicarbazide-sensitive amine oxidase), ELN (elastin), and MYH11 (myosin-11, a smooth muscle myosin; Figure 3C , left panel). We further mined the RNA-sequencing data for expression of established MSC or pericyte markers, including NT5E (CD73), ENG (CD105), ITGA5 (CD49e), ALCAM (CD166), CD44 (CD44), ITGB1 (CD29), THY1 (CD90), and PDGFRB (CD140b). None of these surface markers were significantly enriched at transcript level in W5C5
Gene signatures of cultured W5C5
ϩ -derived cells ( Figure 3C , right panel). However, mining of the extended edgeR data set suggested that W5C5
ϩ -derived cultures also express higher levels of desmin (DES), alpha smooth muscle actin (ACTA2), as well as chondroitin sulfate proteoglycan 4 (CSPG4), which is implicated in pericyte recruitment and sprouting during angiogenesis (41, 42) . Thus, whereas the expression of the W5C5 antigen SUSD2 is regulated by culture conditions, W5C5 ϩ -derived cells retain gene signatures of perivascular niche cells.
Decidualization of cultured W5C5
؉ -and W5C5 ؊ -
derived cells
We speculated that endometrial perivascular cells are programmed to mount a distinct decidual response in pregnancy. To explore this possibility, subconfluent W5C5 ϩ and W5C5 Ϫ -derived primary cultures were treated with 8-br-cAMP and MPA for 2, 4, or 8 days.
Multiple-log increases in PRL and HSD11B1 expression, key decidual marker genes (43) , were observed in all differentiating cultures ( Figure 4A and B) . Further, the relative responsiveness to deciduogenic signals (ie, fold induction of marker genes) did not differ between W5C5 Ϫ and W5C5 ϩ -derived cells, although both basal as well as induced PRL and HSD11B1 mRNA levels were consistently lower in the latter. SUSD2 mRNA levels did not change significantly upon decidualization of either HESC subpopulation ( Figure 4C ). In keeping with the RNA-sequencing data, W5C5
ϩ -derived cells expressed much higher AOC3 mRNA levels compared with their W5C5 Ϫ counterparts, irrespective of their differentiation status ( Figure 4D ). However, whereas the AOC3 transcript levels remained constant upon decidualization of W5C5 ϩ -derived cells, a biphasic pattern was observed in nonperivascular decidualizing cells with levels peaking around 4 days of differentiation. We also measured the transcript levels for IL33, a key regulator of endometrial receptivity genes and innate immune responses (44) , as well as the secreted levels of the IL-33 soluble decoy receptor sST2. Strikingly, IL33 mRNA expression was consistently higher in the differentiating W5C5 ϩ -derived cells whereas secreted anti-inflammatory sST2 levels were significantly higher in nonperivascular cells decidualized for 4 or 8 days (Figure 4, E and F) . Taken together, these observations suggest that the decidual response is divergent between perivascular and nonperivascular cell populations in the endometrial stroma.
Next we examined whether the divergent expression profile of IL-33 and sST2 in decidualizing W5C5 Ϫ and W5C5 ϩ -derived cells extends to other secreted factors. Of 48 immunomodulating factors measured by multiplex suspension bead immunoassay, 43 were detectable in conditioned medium of undifferentiated HESCs. Interestingly, nine factors (M-CSF, IL-6, IL-8, and 6 chemokines) were differentially secreted with levels being invariably higher in undifferentiated W5C5
Ϫ -derived primary cultures ( Figure 5A ; Supplemental Table 3 ). Decidualization was associated with increased secretion of 14 and 23 factors in W5C5 Ϫ and W5C5 ϩ -derived cultures, respectively (Supplemental Table 4 ). Consequently, the difference in secretome became much more pronounced upon decidualization, with W5C5 ϩ -derived cells now producing significantly higher levels of 12 factors ( Figure 5B ; Supplemental Table 5) . Notably, W5C5 
Discussion
Most adult tissues contain resident stem cells, which compensate for physiological cell attrition and enable regeneration in response to tissue damage (45) . The human endometrium is rather remarkable because it exhibits physiological tissue injury that leads to cyclic disposal and renewal of its superficial layer at menstruation. A parsimonious explanation for cyclic menstruation is that it bestows plasticity on the uterus through constant recruitment and/or activation of stem cells, which in turn may be key to accommodate intense tissue remodeling associated with deep placentation (46) . In this respect, it is notable that there is a correlation between the extent of spontaneous decidualization, the amount of menstrual tissue shedding, and the depth of endovascular trophoblast invasion in menstruating mammals, with human beings far outperforming other primates (47) (48) (49) . It is widely accepted that the properties and potential of adult stem cells are defined by a combination of intrinsic characteristics and a tissue-specific microenvironment (50, 51) . In the endometrium, the perivascular space around the rapidly growing spiral arterioles constitutes an important regulatory niche, presumably consisting of both quiescent and active MSCs, transient amplifying cells, and neighboring nonstem cells. In this study, we demonstrate that freshly isolated SUSD2 expressing endometrial fibroblast are perivascular cells programmed to mount a distinctive decidual response. SUSD2 is a recently identified 820 amino acid protein consisting of a large extracellular region containing various motifs involved in cell-cell and cell-matrix adhesion (52) (53) (54) . This type I transmembrane protein was shown to accumulate on the plasma membrane of bone marrow MSCs at the site of cell-cell contact (33) . Similarly, we found that its expression, both at transcript and protein level, increases markedly upon direct cell-cell contact in both W5C5
ϩ -and W5C5 Ϫ -derived cultures. Depending on the cellular context, SUSD2 has been implicated in growth inhibition as well as the enhancement of the metastatic potential of cancer cells (52) (53) (54) . In endometrial stromal cells, SUSD2 expression is responsive to Notch activation and associated with proliferation inhibition. High Notch activity is a common niche feature essential for cell-fate specification and maintenance of stem cells in a poised quiescent state (45, 55) . For example, silencing of Notch signaling in skeletal stem cells leads to premature activation, prevents the return to the quiescent state, and gives rise to muscles that lack the ability to regenerate in response to injury (55) . By analogy, it seems plausible that pathological cues arising from dysmetabolic conditions associated with adverse pregnancy outcome, such as obesity, interfere with Notch signaling in the endometrium, thus gradually depleting the tissue of quiescent stem cells and rendering it vulnerable to damage in pregnancy (34) . Interestingly, a previous mi- Ϫ and W5C5 ϩ -derived cells. W5C5 ϩ and W5C5 Ϫ cells were isolated from 12 different midluteal endometrial biopsies, passaged twice in culture and then treated with or without 8-br-cAMP and MPA for 2, 4, or 8 days. The induction of highly sensitive decidual marker genes, A, PRL; and B, HSD11B1 was examined by qRT-PCR. In addition, C, SUSD2; D, AOC3; and E, IL33 transcript levels were also measured. Furthermore, the culture supernatants were assayed for F, the soluble IL-33 decoy receptor sST2 . Note that y-axis scale is log 10 in A, B, and F; and log 2 in C, D, and E. ***, P Ͻ .001; **, P Ͻ .01; and *, P Ͻ .05. ND, not detected. Notch signaling plays a major role in establishing transcriptional memory (56) . Our study yielded ample evidence that cell identity is partly maintained when different endometrial stromal subpopulations are expanded vastly in culture. As aforementioned, RNA sequencing of cultured undifferentiated cells identified 12 novel marker genes reflecting the perivascular origins of W5C5 ϩ -derived cells. We also show that undifferentiated perivascular cells express lower levels of PRL and HSD11B1, yet the relative induction of these differentiation genes in response to deciduogenic signals was comparable to that observed in nonperivascular stromal cells. The quality of the decidual response, however, was strikingly divergent. For example, human primary amine oxidase (AOC3), also known as vascular adhesion protein 1 or semicarbazidesensitive amine oxidase, is a key inflammatory mediator because of its involvement in leukocyte trafficking (57) . In nonperivascular decidualizing cells, the pattern of AOC3 expression was identical to that of other proinflammatory mediators, characterized by rapid induction followed by (58, 59) . Similarly, basal leukemia inhibitory factor (LIF) secretion was comparable between different cultures but the levels increased 18-fold and 4-fold upon decidualization of W5C5 ϩ -and W5C5 Ϫ -derived cells, respectively. LIF is a multifaceted cytokine indispensible for embryo implantation and decidualization (60, 61) . Importantly, LIF also functions as a chemoattractant for human trophoblast and promotes differentiation toward the invasive extravillous trophoblast phenotype (62, 63) .
Taken together, these observations suggest that SUSD2-expressing perivascular cells establish specific chemokine profiles around the uterine vessels. Although as yet untested, a distinct perivascular microenvironment in early pregnancy may serve to coordinate immune cell trafficking at the feto-maternal interface and promote endovascular trophoblast invasion, a process essential for the transformation of low-capacity, high-resistance spiral arteries into high-capacity, low-resistance vessels that can sustain placental function in the later stages of pregnancy (1, 64, 65) . If so, functional analysis of the perivascular decidual response prior to conception could potentially identify women at risk of placental disorders in pregnancy, such as fetal growth restriction and preeclampsia. Additional studies are warranted to test this possibility.
